MxaF gene, a gene encoding alpha subunit of methanol dehydrogenase, was investigated for acetic acid bacteria, and growth on methanol was examined for the bacteria by using various media. Of 21 strains of acetic acid bacteria studied, Acidomonas methanolica strains showed the presence of mxaF gene exclusively, and grew on a defi ned medium containing methanol. Further, none of the strains tested of which the growth on methanol had been previously reported, except for Acidomonas methanolica, showed the presence of mxaF gene or the growth on methanol. Precautions were taken against false growth on compounds used for identifi cation of bacteria.
Introduction
Acetic acid bacteria grow on a variety of sugars, sugar alcohols, and alcohols, and produce corresponding oxidation products by incomplete oxidation of the compounds. However, confl icting data have been reported on the growth on methanol. Several strains of Acetobacter pasteurianus were reported to grow on methanol (Gosselé et al., 1983b) , but this fi nding was rejected by using the same strains as theirs (Uhlig et al., 1986; Urakami et al., 1989) . Further, Acetobacter pomorum LTH 2458 T was described to grow on methanol (Sokollek et al., 1998) , but it was not recognized (Cleenwerck et al., 2002) . The growth of Acetobacter malorum LMG 1746 T (DSM 14337 T ) and Acetobacter lovaniensis LMG 1617 T (NCIB 8620 T ) on methanol was reported (Cleenwerck et al., 2002) . In addition, assimilation of methanol and acid production from methanol were reported on the strains of A. pasteurianus group A which were isolated from rice vinegar (komesu) and unpolished rice vinegar (kurosu) in Japan (Nanda et al., 2001 ).
An acidophilic methylotroph, strain MB 58, was reported to grow on methanol (Steudel et al., 1980) , and this strain was described as Acetobacter methanolicus (Uhlig et al., 1986) . Later, such methanol-assimilating strains were reidentifi ed as Acidomonas methanolica (Urakami et al., 1989) , and further this genus was emended (Yamashita et al., 2004) . The phylogenetic relationship of the genus Acidomonas to acetic acid bacteria (the family Acetobacteraceae) was fi rst reported by 5S rRNA sequencing (Bulygina et al., 1992) .
Further, the phylogenetic allocation of the genus Acidomonas in the family Acetobacteraceae was confi rmed by 16S rRNA gene sequences (Boesch et al., 1998; Kersters et al., 2006; Sievers and Swings, 2005; Yamada et al., 1997; Yamashita et al., 2004) .
Contradictory studies of the response of acetic acid bacteria to methanol would be ascribed to the ambiguous defi nition of the growth on methanol, the assimilation of methanol, and the acid production from methanol. In addition, various ingredients in media employed and methods tested would make explanation diffi cult and interpretations confusing. Indistinct characteristics would bring about a problematic misunderstanding to the identifi cation of acetic acid bacteria.
Methanol dehydrogenases (MDH) of methylotrophs and methanotrophs are pyrroloquinoline-quinone (PQQ)-containing enzymes (quinoproteins), and catalyze oxidation of methanol to formaldehyde (Anthony, 1986; Duine and Frank, 1981; Duine et al., 1980) . MDH of Methylobacterium extorquens AM1 was reported to consist of a large subunit α (62 kDa) and a small subunit β (8.5 kDa) and arrange in an α 2 β 2 confi guration (Nunn et al., 1989) . MDH of Methylobacillus glycogens showed an α 2 β 2 confi guration as well (Adachi et al., 1990) . Genes mxaF and mxaI encode the large (α) and small (β) subunits of MDH (Chistoserdova et al., 2003; Lidstrom, 1992; Lidstrom et al., 1994) . The mxaF gene has been described to contain the active site of the enzyme and to be highly conserved in the methylotrophs and methanotrophs of α-Proteobacteria (McDonald and Murrell, 1997) .
The amplifi cation of the mxaF gene has been used for the identifi cation of Hyphomicrobium spp. (Fesefeldt and Gliesche, 1997) , and for the detection of methylotrophs and methanotrophs in a blanket bog peat core sample (McDonald and Murrell, 1997) , rice fi eld soil (Henckel et al., 1999) , roots of submerged rice plants (Horz et al., 2001 ), a peat soil microcosm (Morris et al., 2002) , and marine environments (Inagaki et al., 2004) .
This study aims to make it clear whether the acetic acid bacteria have the mxaF gene for their oxidation of methanol and whether the bacteria grow on methanol as a sole source of carbon.
Materials and Methods
Bacterial strains. Acetic acid bacteria used in this study were obtained from culture collections. Table 1 shows their sources and references. In addition, Methylobacterium extorquens NRIC 0601 T , Methylobacterium organophilum NRIC 0602 T , and Ancyclobacter aquaticus IAM 12364 T were used as reference strains. Since the strains of A. pasteurianus group A (Nanda et al., 2001) were not available, it was not possible to check their growth on methanol.
Cultivation of microorganisms. Medium YPM-glucose (YPM-G medium) was used as a basal medium, which contained 10 g of glucose, 3 g of yeast extract, 5 g of peptone, 3 g of malt extract, and 1,000 ml of distilled water (pH 6.8). YPM-G medium supplemented with 10% glucose was used for the cultivation of Saccharibacter fl oricola. If necessary, 2% agar was added to the media.
DNA extraction, PCR, sequencing, and analysis of mxaF gene. Chromosomal DNAs were extracted by the method described previously (Saito and Miura, 1963) . Amplifi cation of the mxaF gene from chromosomal DNA was performed by using mxaF-specifi c primers, mxa f1003 (5 -GCGGCACCAACTGGGGCT-GGT-3 ) and mxa r1561 (5 -GGGCAGCATGAAGGGC-TCCC-3 ), as described previously (McDonald and Murrell, 1997) . PCR was carried out with a thermocycler under the conditions described previously (McDonald and Murrell, 1997 Growth on methanol as a sole source of carbon. Media for the growth on methanol were selected from those widely used for the identifi cation of acetic acid bacteria: They were Asai s medium (Asai et al., 1964) , Hoyer-Frateur medium (De Ley and Frateur, 1974) , Frateur s modifi ed Hoyer medium (De Ley et al., 1984) , Cleenwerck s medium (Cleenwerck et al., 2002) , YPMMe medium (Urakami and Komagata, 1986; Urakami et al., 1989) , Medium C (Urakami et al., 1985 ; Yamashi-mxaF gene in acetic acid bacteria Gosselé et al. (1983b) Acetobacter pasteurianus LMG 1698 brewery, UK =Martin 1, Gosselé et al. (1983b) Acetobacter pasteurianus LMG 1701 beerwort, Alberton, South Africa =VV3, Gosselé et al. (1983b) Acetobacter pasteurianus
LMG 1803
Malus sylvestris (crab apple), UK =NCPPB 461, Gosselé et al. (1983b) Acetobacter pasteurianus
LMG 1805
Malus sylvestris (crab apple), UK =NCPPB 463, Gosselé et al. (1983b) Acetobacter pomorum , 2004) , and yeast extract omitted medium C. Hereafter, the yeast extract omitted medium C is called medium D. Table 2 shows the composition of the media. Gosselé s medium (Gosselé et al., 1983a) was cited in the table because its composition was similar to that of YPM-Me medium. Cultures without a carbon source were used as controls. Cells cultivated in YPM-G liquid medium (YPM-G supplemented with 10% glucose for Saccharibacter fl oricola) were collected by centrifugation, and washed twice with saline. The cells were re-suspended in saline, and adjusted in concentration to be 0.4 of the optical density (660 nm); 10 μl of this was used as inocula for liquid cultures and one loopful for agar plate cultures. After incubation at 30 C with shaking, three transfers were carried out for liquid cultures to avoid the false growth due to the carryover from the fi rst culture. Colonies appearing on the fi rst agar plates were spread twice on new agar plates with the same composition, and the growth on methanol was determined.
Results

Detection of mxaF gene
Single DNA fragments of the predicted size (550 bp) were amplifi ed by using the mxaF-specifi c primers from three Acidomonas methanolica strains, Methylobacterium extorquens NRIC 0601 T , Methylobacterium organophilum NRIC 0602 T , and Ancylobacter aquaticus IAM 12364 T (Fig. 1) . The data were confi rmed by Southern blotting and hybridization of the products with a probe corresponding to the mxaF gene generated from Methylobacterium extorquens NRIC 0601 T (data not shown). Sequence similarities of mxaF genes between Acidomonas strains and four methylotrophs and two methanotrophs are shown (Table 3) . Acidomonas methanolica strains indicated high similarities to one another and rather high similarities to Methylobacterium extorquens NRIC 0601 T (AM1), Methylobacteri- O to 1,000 ml of medium. + * : Final concentrations of vitamins are 1.0 mg of each of biotin, Ca-pantothenate, thiamine, folic acid, p-aminobenzoic acid, and vitamin B 12 ; and 1.5 mg of each of pyridoxal-HCl, niacin, and ribofl avin to 1,000 ml of medium. + ** : Final concentrations of vitamins are 2 μg of biotin, 400 μg of Ca-pantothenate, 400 μg of pyridoxine-HCl, 400 μg of thiamine, 400 μg of p-aminobenzoic acid, 2.0 μg of folic acid, 2.0 mg of inositol, 400 μg of nicotinic acid, and 200 μg of ribofl avin to 1,000 ml of medium. mxaF gene in acetic acid bacteria um organophilum NRIC 0602 T (XX), Paracoccus denitrifi cans PD12-7, Methylomonas methanica S1, and Methylococcus capsulatus Bath. However, Ancylobacter aquaticus IAM 112364 T (Ørskov strain) showed a rather low similarity to the above strains. These results strongly suggested that mxaF genes in Acidomonas strains were homologous to those in methylotrophs and methanotrophs.
Growth on methanol as a sole source of carbon
The growth of acetic acid bacteria studies on methanol varied in media used and liquid cultures or agar plate cultures (Table 4) . Generally, liquid cultures showed clear-cut growth compared with agar plate cultures, and weak growth was found in a number of agar plate cultures with and without methanol. No strains studied showed growth in the liquid cultures of such defi ned media as Asai s medium, Hoyer-Frateur medium, or Frateur s modifi ed Hoyer medium.
Acidomonas methanolica strains grew well or fairly well in the liquid cultures of YPM-Me medium, Medium C, Cleenwerck s medium, and Medium D. Only the Acidomonas strains showed fairly good growth in the liquid cultures of Medium D because the strains require pantothenic acid for their growth (Yamashita et al., 2004 ., Acetobacter; G., Gluconobacter; Ac., Acidomonas; Ga., Gluconacetobacter; As., Asaia; K. Kozakia; Sw., Swaminathania; Sa., Saccharibacter; N., Neoasaia; F., Frateuria; M., Methylobacter; and An., Ancylobacter. Abbreviations of culture collections are the same as those in Table 1. growth as well in the liquid cultures of the media without methanol. Therefore, the weak growth in the liquid cultures of the media with a considerable amount of yeast extract, peptone, or other organic compounds was not regarded as positive growth on methanol.
A number of strains tested showed weak growth on the agar plate cultures of the media used (Table 4) .
Acidomonas methanolica NRIC 0498
T produced colonies on the agar plates of YPM-Me medium, Cleenwerck s medium, and Medium C with and without methanol (Fig. 2) . A. malorum DSM 14337
T exhibited the production of colonies on YPM-Me medium and Medium C, and very small colonies on Cleenwerck s medium with and without methanol (Fig. 3) . Methylobacterium extorquens NRIC 0601 T produced colonies on the agar plates of YMP-Me medium and Cleenwerck s medium with and without methanol (Fig. 4) .
Discussion
In the present study, the mxaF gene was amplifi ed only from Acidomonas strains in the acetic acid bacteria tested, and their high sequence similarities were found in those of methylotrophs and methanotrophs. No other acetic acid bacteria studied showed the amplifi cation of the mxaF gene. Primers used in this study were reported to be useful for the detection of methylotrophs and methanotorphs (McDonald and Murrell, 1997) . As a result, it was recognized that Acidomonas strains exclusively had the mxaF gene in the acetic acid bacteria tested. Further, the Acidomonas methanolica strains grew on methanol as a sole source of carbon. Methanol dehydrogenase of Acetobacter methanolicus (=Acidomonas methanolica) was reported to be a quinoprotein (Elliott and Anthony, 1988) , and was arranged in an α 2 β 2 confi guration (Chan and Anthony, 1991) . Further, methanol oxidase respiratory chains were described (Matsushita et al., 1992) . Therefore, these facts lead to the conclusion that the genus Acidomonas is the only genus capable of growing on methanol in acetic acid bacteria.
In the light of the growth in liquid cultures and on agar plate cultures with and without methanol, weak growth in both the cultures did not imply real positive growth because the growth was found on the cultures with and without methanol at the same extent. Findings obtained indicate that yeast extract, peptone or other organic ingredients in media together with impurities of agar possibly serve as the source of carbon and growth factor(s) for the acetic acid bacteria tested. The weak growth should be regarded as false growth due to organic ingredients in the media used. The quality of agar was reported to affect colony counts on methanol utilizing bacteria (Urakami and Tatsuta, 1980) . In addition, false growth due to yeast extract, peptone or other ingredients together with agar was mentioned in the characterization of Acetobacter species (Lisdiyanti et al., 2000) and Gluconacetobacter hansenii strains . Therefore, the defi ned liquid media without yeast extract or other organic ingredients are crucial for the determination of the growth of acetic acid bacteria on methanol. When strains tested are exacting in nutritional requirements, minimal amounts of yeast extract, peptone or other organic ingredients should be used in order to avoid false growth on methanol, and results should be precisely compared with negative controls.
Acid production from methanol does not always involve the growth of acetic acid bacteria. Therefore, acid production from methanol should be cautiously evaluated and correctly recorded for the identifi cation of acetic acid bacteria.
A. malorum DSM 14337 T did not indicate the presence of the mxaF gene, and did not grow on methanol. Therefore, the growth of this species on methanol should be emended to be negative in the description.
A. pomorum DSM 11825 T , and A. lovaniensis IFO 13753 T and AJ 2914 did not indicate the presence of the mxaF gene, and did not grow on methanol. These strains were not recognized to grow on methanol. Further, none of the strains tested of which the growth on methanol had been previously reported, except for Acidomonas methanolica, showed the presence of the mxaF gene and the growth on methanol. The abovementioned data indicate that the growth of acetic acid bacteria on methanol was made clear by detection of the mxaF gene.
Consequently, when certain phenotypes are unreliable in the identifi cation of a microorganism, the amplifi cation of genes involved in the phenotypic expression would be useful for characterizing microorganisms with ambiguous phenotypes.
